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Introduction

Gtudies of the pressure~temperature-composition rela-
tionships for the various rare eurth metal-hydroger systoms
comprised a major line of Investi,atior of trese systerws.
Such an investiyation demunds the use of & vacuur line,
with sultable methods of measurin; pressure, terperature,
and composition. ilethods of wreasurement vwlll be described
briefly here, urd a more comulete description of the appa-
ratus constructed for use will be found in the following
sections of this chapter.

Pressure moasurements werc micde usin, a mercury ma=-
nomster, a catretomuter, or a Mcleod puure, depcnding on
the magynitude of the pressure to be measured.

n hiyh-temporature thermostatted furnuce was used to

maintain temreraturcsa, wtlch: were moasurod with tLherwo-

couples.
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i+ 81lica torsion balance was constructed for use in
detormining the composition of the solld phase present. In

a fow experiments a silica helix bal.nce vas used.

i pparatus

Vacuum line.--A schematic dlagram of the vacuum line

constructed for use in these investlg atlions is shown in
Filgure 1. It may re seen from the dia,ram that tre line
consisted essentially of two different scctions, one of
which was used in preparir, the samiles for l.-ruy 4iffrac-
tion studios, and the other ['or dissociuztion pressure meas-
uremonts.

‘e former included a Yogpler pump an” jas turet, and
a ground-;lass joint for attiching the apraratus with the
cupillarics sculed to it. .. detulled dcseription of this
apparatus is civen in Crapter V. <ho otrer section of the
line included a mercury manometer, a l-liter storuge bulb,
a connection to the torsion balunce, und an oroning, via
stopcock, to the outside, for use 1in  liss-blowing or in
admitting nitrocen to the lire. .itrer scction could bhe
evacunted with a mercury @iffusion rump and fore-pump.
Both sections used the same ..cLeod gauge, arcd were also
connected to the saure uruniurm hydride reservoir used for
purifying the hydro;on. l}or experiments usir, deuterium, a

uranium deuterido resorvolr was scaled directly to the line.
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danometor.~-The manometcr was constructed of 13-mm.

tublrg, and toth arms were connccted throu h stopeoexs to
tre manifold. leudir,s were made to tho nearest estimuted
0.1 mm. in each urm. i glass -~cale was used, and tempera-
ture corrections auprlied when justificd (International
Critical Tables, I, 68+69). The resultir, values were
rounded off to the nearest millimeter.

Cathetometer.=-The cathetometer used was actually a

small travelling microscope wricn had been convirted to a
telescope b7 use of a different objective lens. It was
read to 0.0l mm, for each arr. of the muhoreter. Terperature
correction for a truss scale was aprlied, und resulting
pressure vulues were rounded off to tre neurest 0.1 mre,
unless tre pressurc being re.d was in the i luteau region
discusscd tolow. 7Ihc cuth.etometor was uscd for the pres-
sure run,e of 3 to 40 mv.

xcleod pauge.--ihe iicleod gauge used wus similar to
thut cescrited bty :Ltrong (1938). Calibrution and operation
of the guuge werc also essentliully tre sume as doscribed
there. ‘ire principal point of difterencc worth notin; is
that there wus u smxll tulh blown in the lower end of the
capillury utop tre luir,e buld Vir &lvirg a value of Ah, of

£.00 cc. 'ihe equutiona for the low and hi h pressure rang-
es were:

)
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1) P = 4.10 x 10"%(An,)? mm., corres;onding to (14)
of Strong, and

2) P = 0.01(Ahyy) mor., corresponding to (15) of
Strong.

ihe largest value of Ahppy possible in 1) was about
125 mm., corresponding to a pressure of atout 0.064 mm.,
and the largest value of Ahg, possible in 2) was 310 mm.,
corresponding to a pressure of 3.1 mm. keadings for equa~
tion 2) were too low by 1’ tecause of pressure in the cape-
1llery, and they were too righ ty ahout 0.57 because of the
temperature factor. 7The net effect of about 0.57 error due
to these factors was neglected, since readin;s were taken
to the nearest mm., unless the value of Ah was of the order
of 10 mm., in wrich case an effort wus made to obtain a
more careful reuding.

Readings for equation 1) were also tawen to the near-
est mr,, and since the lowest pressures measured were usue
ally above 0.0l mm., corresponding to Ah of aprroxim.tely
80 m» ., an error of about 2, was possible here.

Cas turet.-~The  as turet consisted of five bulbs,
and was conrecte: at its upper end to a Toepler pump of the
usual design of 150-cc. capucity, and at its lover end to a

mercury reservolr and to vertical lengths of tuling of the

. -
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sises comnecting the btulbs, so that pressures could be ascertained.
Torsion Balance.--See Technical Report II




Lelix balance.--In a few of the experiments in which

smaller metal sarples were used, especlally with the metals
ytterbium and sararium, a silica helix balunce was used, of
the usual design. Its total capacity was aprroxirately 300
mg. Lxtension of the hellx with respect to a fiducial
pointer was measured with a filar micrometer microscope.
Sensitivity of the set-up used was 0.36 mg./scale division.
This balunce was used orly for deuteride preparations, in
which tr.c maxirum increass 1in weiliht of a 200-mgz. sanyple
would te 6 to 8 mg. Since 0.0l scale division could be
read, higr accuracy in measuring cocmposition apreurs possi-
ble of teiny attalned, tut this wus to a large extent nul-

lified by irreproducitility of the readings, owing princi-
pally to vibration. iccuracy of composition moasurements

is estimited to te within 1%, however.

High-temperature thermostetted furnace.—-See Teshnical Report II.
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1hernocouples.=~Tem; cratures were measured using

Chromel=-alumel chermoéouples, constructed of ko. 20 wire
(0.81 m..) and checked against standard melting-roint sam-
ples of zinc (419.43° C.) and aluminum (659.7° C.) obtained
from the Natlonal :ureau of iLtundurds. »s first prepared,
these thormocoupleos st owed a deviation from the stardard
samples of less than 0.,8° C. (<€0.01 millivolt). ' ith pro-
longed use, hoviever, the therrocouples tegan Lo read high,
and corrections amountin, to as much as 22 C. had to be ap~
pliod. itandurd conversion tubles ".'tundaré 31C31" pub-
list:ed by tlie Lcods & !.orthrup Compuny wore uscd.

The ti ervocouple wires wdj.ucert to t'e junctions were
threaded throu,h tain~tore porcelalr insul.tors, ut.ich were
then inserted irto len ths of 7-mm. vycor tubing. .his tub-
ing, in the case of the hot junction, was f.stened to the
lor, silica tute extendin, cown into the furnace, so that
the jJunction was at the asume lcvel as the sample irside the
rolybdenum~foil cup. %he cold junction was mairtuined at
0% C. in an ice-water mixture in a Lewar flask.

Fotentiometer.-=-Thermocourle voltayges were mcasured

using a Leeds » horthrup lortatle Frueision Fotuntiometer

}'t.
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Model No. 8662. In tho temperature range of the experi-
ments the corresponding voltauges extended from approximately
22 to 356 millivolts, and Lhe instrument coulcd te read to
the neurest 0.01 millivolt, equivalent to apiroximutely
0.24° C. 1nc standard cell in the instrurent was occa-
sionally checked &gulnst i.ppley standurd cells which had

been compured to K. B, 5. cells.

Prepuaration of the metal samples.=-~The metals lan-

thianum, cerium, praseodymium, ncodymium, sararium, and yt-
terbium were ottained through the courtesy of Ir. k. i,
spedding of the Institute for stomic Research, Iowa ftate
Collopgo, ames, Jfowa. ‘ihe preparution of tre first four of
trose metuls ty reduction of tre rare earth crloride with
culclur is described bty pedding % Daune (1952). These met-
als were described by Dr. Speddlngl as containing the fol-
lowing possirle 1impurities, below the 1lirits indicated:;

<150 ppm Ca in each metal;

<500 ppm Ce, Pr, and M in the Laj;

<500 ppm Nd and La in the Ce and Fr;

<600 prm Im in the Nd;

« few ppm ke and kg, and some dissolved nitride and

l5pedading, }. H. FPrivato comrunication, 1951.
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oxide (perhaps 0.1 to 0.2 oxide) in ouch motal.
The preparation of samaurium and ytterbium by reduction of
the oxides witlk lanthanum, und sirultaneous volatilization,
has beon deacrited ty laane, Dennison % Spedding (1953).
Speetrographic analyses were supplied and yjave the follow-
ing data:
vamarium: <0.01: Ca, Wg, le;
<0.,056" Nd, and Cdj
~0.25% Lu;
La, Z1, Ta not detected.

Ytterbium: <0.01% Al, Ca, Na;
e, La, Lu, Ta, Tm not datected.

Europlum metul was prepured bty the same metlrod through

the courtesy of Ir. Ipedding from ecuropium oxalite decahy-
drate graciously lounod bty Mrs. Ferbdbert K. McCoy. The met-
&l contuined <150 prm l.a or Ca, withk cd, °m, ke, Cu, 7Ta,
and 31 not detectad.l

The metals lanthanum, cerium, praseodynium, and neo-
dymium were received under mineral oil, and stored in this
way’e A recent communication from Dr. Spedding stated his
belief that this 1s poor practice, and that tre rare earth
metals slowly react aith tre oil to form hydrides and care
bides in the mctal.® r'e ulso stuted that metal which has
been stored under oil evolves considorable gas, most of

which is hydrogen, . wei;ht decrease of the order of 1 mg.,

1,85peading, k. H. Frivate comrunication, 1955.
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possibly owing to loss of hydrogen, was observed a number
of times in this investigation when sumples of metal weligh-
ing approximstely 760 mg. had been heated to 600° C. in a
vaouum.

Sumples of these metals were prepared by first cut-
ting the large massive block into smaller pleces of slight-
ly more than the desired welght with a glass-cutting wheel;
simultaneous cooling by a stream of water was essential.
Individual samples were cleaned with a file under mineral
oil, rinsed in light petroleum ether (Skelly 4), and subse-
quently kopt under this liquid until they were placed in
the pan of the torsion balance, except for time spent in
woeighing them. This procedure of cleaning, welghing, plac-
ing on the balance, and subsequent evacuation of the aystem
was always carried out as rapidly as possible.

Ytterbium and samarium were moerely kept stored in
small, ti;htly-closed containers, since they react very
slowly with air. Samples were prepared as described above,
excopt that they were not cleaned undor mineral oil, and
were cut initially with a chisel.

Europium metal is much more reastive than any o the
rare sarth metals mentioned atove. It was kept sealed in

glass under vacuum, and samples used were made up of shav-
ings cut off with a knife, in a dry box filled with COg.
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Purification of hydro; en.--Tan* hydrogen was passed

first throush a "leoxo" plutinized asbestos catalyst, to
convert the oxygen impurity to water, and then through a
drying tube containing "inhydrone" (m. nesium porc-leorate).
It was thon passed throu.h: a uranium hydride roservolr,
which was maintuincd at u tumperature of upproxim.tely 750°
C. If only a small quuntity of hydrogen was desired, 1t
was sometimes obtained by merely heuting. the reoservolr, to
evolve the desirod amount (4pedding, Newtor, .arf, Johnson,
Nottorf, Johns & Laare, 1949). Sturdy & dulford (1956)
mention that mass spectrometer analysis of hydrogen ob-
tained fror the thermal decomgosition of uranium hydride
has shown the major impurity to te 0.02” nitrogen.

Deuterium was ohtuined from a reservoir of urunium
deuteride, which had been prepured from massive uranium
and tank ceuterium. Tre latter was obtained from thre Stew-
art Oxygen Company, and was labellocd as 99.57 deuterium.
Tr.e molecular wei ht of the gas, assuming 0.57 hydrogen,
was calculated as (0.998 x 2.0147) + (0.005 x 1.0081) =
2.01.

Irocodure in prepurin;. hydrides

%he following puraygruphs describin, hydrido prepara-
tions apply to preparations on the toraion and holix bal-

ances, and in tre L-ray cupillary apparutus, descrided in
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Chapter V. is a rule the m:tal samples, prepared as des-
erided in the precedin; section, were outyussed for several
hours at 600° C., and then cooled to room temperature bee
fore hydrogen was admitted to the system, Feuction usuully
occurred irn s few minutes after tnis preliminary treutment.

Yetal sumples vhich had not undergone this preliminary
treatment did not usually reuct uwith hvdrogcn until they
had been heated to a tomperuturc .hich varied over a range
of 260-365° C., at least for a numrer of lunthanum and ce-
rium samples. However, on a few occasions reaction did oc-
cur ut room temperature even without any preliminury heat-
ing or outgassing of the sample. On a fow occaslons hydro-
gon was admitted to mctal samples which were being main-
tained ut a temperature of aprroximately 3009 C.; reaction
was usually imredlute under such circumstainces.

Some plots shrowin, tne quantity of hydro, en absorbed
with tlme are given in .ppendix I, rigures 9-12. ‘hese are
all for samples of metul which had not previously been
treated »ith hydro,en.

In an effort to obtain maximum adsorption, the reac-
tion, once it had begun, wus usuually allowed to continue
at room termpcrature. lLesults were not very concordunt, as
absorption usually occurred to u hydroygon:metaul atomic ra-

tio of from arrroximutely 2.6 to 2.,9. On one occasion

),
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absorption to 2.9¢ was measured volumetrically for a sample
of lanthanum hydride prepired in the r-pray capillary appa-~
ratus. If the hydride samples were taken through addition-
a8l heatin, and coolin, cycles,'in which hydrog.en would be
evolved and rc-absoﬁbed. and a.ain allowed to cool to room
temperature in hydro.en, additional absorption often oc-
curred, to a somewhat hi.her hydrogen-metal atomic ratio.

This additional absorption on lon.er treatment is in-
terpretod as a sign that initially the entire metal sample
had rot reucted with hydrogen. Such tehavior provided the
largest contritution to the error in the mcasurement of the
comrosition of the product. This mutter has already been
montioned atove in connection with the rcport of Muthmann &
Baur (1902). It is bclioved that such incomplcte reaction
may be due to an oxide layer on the grains of the massive
metal sample. Cirdilarly, the initial lack of reactivity of
most metal samples #hich had rot undergone any preliminary
heating and out ussing may also te due to the presence of

oxides.

Measurement of dissociation pressures
AS a rmile, dissociation pressure curves were obtalned

isothermally--thut 1s, thc temperutur: was maintuined at a
constunt value, and hvdrogen was added to the system or re-

moved from it. Once equilibrium had benn reacted, the
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prossure was meoasured, and tho composition was detormined
from the reading obtauined with the torsion btalance (or the
relix balance). sctually, a number of re:cln_s were often
taken, until it was secn trhat the system was not undergoing
further change. Lquilibrium was usually estutlished quite
rapidly, however, and ai: & rule moasurements of different
points were made 10 to 15 minutes apart.

¥ost of the dissocliation pressure data were obtaired
both by dosorption and ahsorption of hydrogen by the sam-
ple. This is to say thut an 1sotherm at a given tempera-
ture was usually first constructed from a series of points
obtained by evolution of hydrogen from thc sample. A cor-
responding isotrerm was then constructed fror a series of
points obtauincd bty rceabsorption of hydrogen by the sample.
Such pairs of isotherms usually showed good agrecnent, well
within experimental error. In plots of thc duta, only a
single isothorr has therefore btcen druawn through all points
obtalned at a given temperature. fThe dissocliation pressure
data obtalned for the various metal-hydrogen systems are
given in .ppendix II, Tadbles 7-18, and are shown graphlc-
ally in appendix II, Figures 13-25.%

SRR

lrwo graphs are presented for ocach system: one for
the plateau-pressure region and lower pressures at very low
compositions in the fow instances in which these lattor
points were obtained, and the second graph for the high-
pressure region.
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The isotherms for tho systoms formed by hydrogen and
the metals lunthanum, cerium, praseodymium, and neodymluln1
displayed in genoral the behuvior first doscribed in de-
tail by Sieverts & Muller-Goldegg (1923) for mischmetale
hydrogen systems at 800° C.; that is, they consisted of
three different branches. 7T1hese are: 1) an initial as-
cending curve at low hydrogen composition, 2) a constant-
pressure plateau indicating the co-existence of two solid
phases, and 3) a final ascending curve extending into the
region of higher hydrogen composition.

The exact limita of the two-phase region were not
very precisely determined in most cases, tut it was appar-
ent that they were dependent on the temperature and the
particular metul. In general, however, thcse lirits vere
near the compositions <Hg 4 and Mil g, approuchin; each oth-
er us the temperature was ralsed, and thus indigating that
atove a certain "oritical"” temperature the horizontul por-

tion of thre isotherms would dlnappear.a This disappearance

was observed by Lleverts & Hoell (1925) for isotherms at

1100° . However, as the authors reported, samples which

lTho samarium~hydrogen syster is discussed in .ppen-
dix 1IV.

B.otually, the 800° C. isotherms, as dotermined by
Gieverts & Wuller-(Coldegg and also for some systems in the
presont investigation, alreudy display a sli;ht slope in
the plateau pressure region.
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had been pumped on at this temperature melted, though
hydrogen-rich sumples did not. The isotherms gave no in-
dication of the formation of the liquid phasa. It was not
established thut a sumple which had been melted in this
manner would still absort hydrogen, and Msasplay a plateau
in the dissociation pressure isotherm at 800° C. Other
complications here would te possitle reuaction with the con-
tainer, and varorization of the rare eavrth mectal. This
would be an intceresting region for further investigations.

Tne 1imits of the two-phass peglon found at 800° GC.
by Sleverts % iluller-Coldege were ne.r the compositions
KHg o and “Hl.s' Maximum absorptions in most of their ex-~
periments went only to compositions of !'H; n, however, com-
pared to Mlig o in the present investi ation, as discussod
below.

ihe dissoclation pressure vaiues reporied by Sieverts
& Muller-Goldegy for the two~-phase region of the 800° c.
isotherms are approximutely the same as those determined in
the prescent investi ation. Zhukov (1913) had eurlier re-
ported that the dissociution pressure between 450° and 510°
C. for corium hydride was atout 1 mm. as lon;. as the pro-
portion of hydrogen did not exceed that corresponding to
Cely, but this is very high compared to the pressure of ap-
proximitely C.02 mm. found for the cerium~-hydrogen system

s ARty g A3 g S
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at the considerably higher temporaturc of 598° . in the
presont investi,.ution,

Isotherms reported by .Julford & lolley (1955) for the
cerium-, praseodymium-, and neodymium~hydro,.en systems are
very similar to those reported in this dissertation. Ko
very significurt differences exist. One point of differ-
ence is the location of part 3) of the isotnerms with re-
spect to the composition axis. Neference may be maude here
to the precedin, section on preparation of the hydrides, in
which there is _iven a short discussion concerning the
often-observed initial incomplete reaction of the entire
metal sam;le with hydrogen. It wus found that even after a
number of heatin; and coolin, cycles, and sutsequent meas=~
urement of a series of poinis at euch of a rumber of differ-
ent temperatures, sudden additional ubsorption would osccur.
fubsequont re-determination of the isothorms would show
them to te shifted to the ri,nt alony the composition axis,
toward hi.her compositions. Often later experiments, car-
ried out in an offort to determine the reproducibility of
earlior results, shrowed a similar dis;lacement of the 1soe
therma. lNany of the results were discarded tecuuse of this
effect, and those remaining, at leust in the reglon of the
tr.ird, or ascendin, branch of the isotherms, were usually

derived from experimenta in which the maximum absorption

R
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had reuached a composition of approximately My o, after

soveral cycles of heating and cooling.

Flateau preasures, which Mulford & Holley also re~
ported for the 1anthanum-hydroeen system, are not too
widely difforent, 9xcept in the case of cerium. . more
detailed corparison is civen below,
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APPENDIX I %

RATE OF ABSORFTION DATA
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Rate of absorption of hydrogen by cerium-
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